Motivation: Transmembrane beta-barrel proteins (TMBs) serve a multitude of essential cellular functions in Gram-negative bacteria, mitochondria and chloroplasts. Transfer free energies (TFEs) of residues in the transmembrane (TM) region provides fundamental quantifications of thermodynamic stabilities of TMBs, which are important for the folding and the membrane insertion processes, and may help in understanding the structure-function relationship. However, experimental measurement of TFEs of TMBs is challenging. Although a recent computational method can be used to calculate TFEs, the results of which are in excellent agreement with experimentally measured values, this method does not scale up, and is limited to small TMBs. Results: We have developed an approximation method that calculates TFEs of TM residues in TMBs accurately, with which depth-dependent transfer free energy profiles can be derived. Our results are in excellent agreement with experimental measurements. This method is efficient and applicable to all bacterial TMBs regardless of the size of the protein. Availability and Implementation: An online webserver is available at http://tanto
Introduction
Transmembrane beta-barrel proteins (TMBs) are found in outer membranes of Gram-negative bacteria, mitochondria and chloroplasts. The transmembrane (TM) regions of the TMBs are barrel-shaped structures formed by b-strands. TMBs serve a multitude of essential cellular functions, including reaction catalysis, protein anchoring, metabolite transportation and membrane biogenesis (Wimley, 2003) . In bacteria, TMBs are also found to be responsible for the release of virulence factors (Koebnik et al., 2000) and are implicated in multidrug resistance (Bajaj et al., 2012) . Dysfunctional TMBs in mitochondria are also related to neurodegenerative diseases (Bender et al., 2013; Manczak and Reddy, 2012) . It is therefore important to understand the energetics of the processes of folding and membrane insertion, as well as the structure-function relationship of TMBs.
The transfer free energies (TFEs) of amino acid sidechains from aqueous environment to lipid bilayers provide the fundamental energetic contribution to the thermodynamic stability of TMBs (Moon et al., 2013; Tanford, 1978) . The water-to-octanol TFEs were first measured in using a set of peptides as the host by Wimley and White (Wimley et al., 1996) . Hessa et al. further measured TFEs by investigating the degree of insertion of a set of polypeptides through the translocon-meditated pathway into the ER membrane (Hessa et al., 2005) . A more recent significant development was reported by Moon and Fleming, who directly measured water-to-bilayer TFEs of amino acid residues in the context of Original Paper a native TM protein and a phospholipid bilayer for the first time (Moon and Fleming, 2011) . In the study of Moon and Fleming, the protein outer membrane phospholipase A (OmpLA) was used as the transmembrane scaffold, and the position of residue 210 which is close to the midplane of OmpLA was chosen as the host position. The TFE of a residue from aqueous environment to this position on the midplane of the lipid bilayer was measured, which is taken as the difference between the free energies of the spontaneous insertion of the scaffolds with that residue and with Ala at position 210. The TFEs of Leu and Arg to depths other than the midplane of the bilayer were also reported (Moon and Fleming, 2011) . This study provided direct measurements of the TFEs in the context of a whole protein. However, given the heterogeneity of the membrane along the bilayer normal direction, the reported TFEs are specific to positions near the midplane of lipid bilayers, except those of Leu and Arg. Moreover, experimental studies are costly and limited to a handful of client proteins due to the technical difficulties in establishing conditions for reversible folding Otzen and Andersen, 2013) . It is therefore desirable to develop computational methods that allow rapidly computation of TFEs of residues at different depths of any TMB.
Several knowledge-based methods can approximate the TFE with statistical potentials calculated from depth-dependent propensities of amino acid residues (Adamian et al., 2005; Hsieh et al., 2012; Schramm et al., 2012; Slusky and Dunbrack, 2013) . However, this approach neglects physical interactions between residues that are known to be important (Lin et al., 2016) . In addition, these methods can only estimate averaged TFEs, but do not account for the specific local environment of a residue. TFEs have also been derived using molecular dynamics (MD) simulations (Gumbart and Roux, 2012; Ulmschneider et al., 2011) . However, the choice of the reference state remains a challenging problem, as reproducing TFEs of different residues requires different reference states (Gumbart and Roux, 2012 ).
An ab initio computational method has been recently developed, which can be used to compute the TFEs of TM residues in OmpLA (Lin et al., 2016) . This method takes into account key physical interactions in the TM region and enumerates all conformations of the TM region in a reduced discrete conformational state space. While the computed TFEs of OmpLA are in an excellent agreement with the experimentally measured values, the application of this method is limited to TMBs with 14 or less TM strands, as the time cost of the enumeration of conformations grows rapidly with the number of strands. A computationally more efficient method is therefore necessary for larger TMBs.
Here we describe an approximation method to compute the TFEs of TM residues. Our approximation method is based on the divideand-conquer strategy for conformational state enumeration, and allows rapid and accurate calculation of TFEs. We applied this new method to OmpLA, and the computed TFEs are in excellent agreement with the experimentally measured values. Our method can be used to derive the depth-dependent TFE profiles of all TMBs currently known, including the largest one consists of 26 strands.
Methods and algorithms

Reduced state space
Bacterial TMBs currently with known structures have even number of antiparallel b-strands. Each strand interacts with two neighbor strands via periodic repeating dyad bonds, which are characterized as strong H-bonds, weak H-bonds and non-H-bonds (Van der Waals forces between sidechains) (Ho and Curmi, 2002; Jackups and Liang, 2005; Wouters and Curmi, 1995) . We use a previously developed model to describe the state space of conformations of the TM region of a TMB (Lin et al., 2016; Naveed et al., 2009 ). In this model, the TM region of a TMB has n strands, each with a length of L. The model uses L ¼ 16 based on the earlier study (Jackups and Liang, 2005) , but can take TMBs with TM strands of other length as input. A residue on one strand interacts with residues on the two neighbor strands via the three different types of interactions. The ith strand can slide d i residues away from its canonical central position, which is set as d i ¼ 0 (Fig. 1A) . The canonical central position of a strand is determined from the OPM database (Lomize et al., 2006) . A specific conformation of the TM region is therefore represented by a n-dimensional vector d in the state space: 
Computing the TFE of an amino acid residue
The energy of the ith strand of a specific conformation d is calculated using the empirical energy function
where E B is the single residue burial energy, which depends on the residue location and the sidechain orientation; E intra is the energy of intrastrand interactions among residues with the same sidechain orientation; E SH ; E WH and E NH are the energies contributed by the interstrand strong H-bonds, the weak H-bonds and the non-Hbonds, respectively. w B ; w Intra ; w SH ; w WH and w NH are the corresponding weight coefficients. The values of these energy terms and weights can be found in ref (Jackups and Liang, 2005; Lin et al., 2016; Miyazawa and Jernigan, 1996) . The total energy of the TM region of the TMB with conformation d can then be computed as EðdÞ ¼ P n i Eði; dÞ. The partition function Z lip of the TM conformational ensemble buried in the lipid bilayer can be calculated as The corresponding free energy is G lip ¼ Àk B T ln Z lip . The TFE of a residue in the TM region of the TMB from the aqueous environment to the lipid environment can be calculated as DG ¼ G lip À G aq , where G aq is the free energy of the TM region of the TMB in the aqueous environment. For a specific amino acid residue in a given position of the TM region, its TFE with respect to an alanine at the same position can be calculated as
Exact algorithm of partition function calculation
Exact algorithm. The key step in calculating the TFEs is the computation of the partition function of the conformational ensemble of the TM region of a TMB. This can be achieved after enumerating all w n number of conformations in the reduced state space X. The algorithm is listed as Algorithm 1. We first enumerate the conformations of each strand-triplet ðd iÀ1 ; d i ; d iþ1 Þ in the local state space ðÀl; . . . ; lÞ 3 (lines 1-5). The energy Eði;
Þ is calculated using Equation 1, and the value is stored (line 3).
The energy EðdÞ of a specific conformation d of the whole TM region is then calculated by summing up the precomputed energies of the corresponding strands
. This is repeated for all the conformations of the TM region of the TMB in the reduced state space. The partition function can then be calculated using Equation 2 (lines 7-10). With this algorithm, every conformation of the TM region in the reduced state space is examined, and the partition function is computed exactly.
Time complexity. The time cost of the precomputation of strand energies (lines 1-5) is Oðnw 3 Þ. This is negligible compared to the enumeration of the whole TM region and the computation of the partition function (lines 7-10). To compute the energy EðdÞ of a specific conformation d, n number of additions (a) and 1 exponentiation (e) are required (lines 8-9). Since there are w n number of different conformations in the reduced state space, the time complexity of computing the partition function is
The running time of Algorithm 1 is only feasible when the number of strands is small (n 14). Calculation of the partition function of a TMB with more strands would requires unrealistic amount of time as the time complexity is superexponential (Table 1) .
Approximation algorithm of partition function calculation
Approximation algorithm. To compute the partition function of a TMB with a large number of strands (n > 14), we have developed an approximation algorithm based on the divide-and-conquer strategy, which is listed as Algorithm 2. We first divide the TM region of the TMB into four components. The first two components are the two half-barrel segments, consisting of strands from i ¼ 2 to n 2 and from i ¼ n 2 þ 2 to n, respectively. The other two components are the two boundary strands i ¼ 1 and i ¼ n 2 þ 1, separating the two halfbarrel segments (Fig. 1B) .
For strands in the half-barrel segments, energies of strands are precomputed the same as in Algorithm 1 (line 4 in Algorithm 2). For the boundary strands, interactions between the strand and the neighbor strands are ignored, and only the single strand energy b
Eði; dÞ is precomputed (line 5) as b
Eði; dÞ ¼ w B E B ði; dÞ þ w Intra E Intra ði; dÞ, which is the summation of the first two terms of Equation 1. Conformations of each half-barrel segment are then enumerated, and energies of these conformations are calculated and stored (lines 13-16 and 17-20) . The total energy of a given conformation d of the whole TM region is then calculated by combining the energies of the corresponding half-barrel segments and the boundary strands (line 23). Overall, the partition function can be computed by enumerating the positions of the boundary strands and the local conformations of the half-barrel segments.
The calculated free energy G of the TM region is underestimated, as the interactions between the boundary strands and the neighbor strands are ignored. We note that the TFE of a residue in the interior of a half-barrel segment is not affected much, given that the underestimation is systematic for both free energy terms in Equation 3. In addition, the overall impact of neglecting strand-strand interaction for the boundary strands will decreases as the number of the strands increases, since the number of the neglected interactions over the number of the total interactions within the TM region decreases.
Strand reindexing. The TFE of a residue on a boundary strand or a neighbor strand may not be of sufficient accuracy. This can be solved by simply reindexing the strands of the TMB, so that the strand containing the residue of interest is no longer a boundary strand. Specifically, we set the index of the strand containing the residue of interest to d n 4 e þ 1, and change the indices of all the other strands accordingly: For instance, if the residue is located on the 1st strand of a TMB with 8 strands, the strands can be reindexed as ð3; 4; 5; . . . ; 8; 1; 2Þ instead of ð1; 2; 3; . . . ; 6; 7; 8Þ. We then again use À number of addition operations are required to compute the energies of the local conformations. The time complexity of enumerating both segments (lines [13] [14] [15] [16] [17] [18] [19] [20] 
. Since the contribution of one half-barrel segment to the partition function is independent of the other segment, ðw 
To summarize, the first term of Equation 5 comes from energy calculation of the two half-barrel segments, while the second term comes from combining energies into partition function. The overall complexity shows an exponential running time when n is large.
Approximation algorithm with histogram scheme
Histogram scheme. To further improve the approximation algorithm, we developed a histogram scheme which reduces the time complexity of Equation 5. The approximation algorithm using this histogram scheme is listed as Algorithm 3. We record both the maximum and the minimum energies of each middle strands (lines 8-9) when enumerating the local conformation of strand-triplets, from which the upper and the lower bounds of the energies of the two half-barrel segments can be estimated (lines 12-13). The range of energy for each half-barrel segment is then divided into small intervals, each associated with a bin to record the number of conformations of the half-barrel segment whose energy falls within this interval. When calculating the energies of the conformations of the two halfbarrel segments, we only need to record the number of hits of each bin instead of storing the energy values (lines 21-22 and 26-27) . Note that the histogram scheme can also be used in the exact algorithm to reduce the running time (Algorithm S1). Time complexity. With this histogram scheme, the time complexity of combining the two half-barrel segments (lines 29-36 in Algorithm 3) no longer grows exponentially with the number of strands (the second term in Equation 5), but depends only on the bin size and the ranges of the energies (max 1 À min 1 and max 2 À min 2 ). In practice, the number of bins for a half-barrel segment is typical less than 10 4 , resulting in a much smaller cost to combine the energies of the two half-barrel segments, namely, 10 8 additions, instead of the 10 10 $ 10 20 additions required in Algorithm 2. With the histogram scheme, the second term Oðw n Þ in Equation 5 becomes roughly a constant for large n. Although the first term Oðnw n 2 Þ remains superexponential, it is much smaller than Oðw n Þ when n > 14. TFEs of the largest TMB currently known (n ¼ 26) can be effectively computed using Algorithm 3.
Results
Accuracy of the approximation algorithm
The exact algorithm was previously used to calculate the TFEs of the 20 amino acid residues at the position 210 of OmpLA, and the results are in excellent agreement with experimental measurements (Lin et al., 2016) . To evaluate the accuracy of the approximation algorithms, we compare results computed using the approximation algorithms on a collection of TMBs with strand number n 12 with results computed using the exact algorithm. Specifically, for each lipid-facing host position in the TM region of a TMB, the TFEs of all 20 amino acid substitutions are calculated using the approximation algorithm (AA), the approximation algorithm with reindexing (AAR), and the exact algorithm. For each host position, each method generates a 20 dimensional vector of the TFEs of the 20 amino acid substitution. The root-mean-square error (RMSE) between the vectors computed using the approximation algorithms and using the exact algorithm is then calculated to assess the accuracy of the approximation algorithms. For instance, an RMSE value of 0.1 kcal/mol indicates that the error of the TFEs of a given residue calculated by the approximation algorithm is on average 0.1 kcal/ mol compared to the exact algorithm, and this level of accuracy is sufficient. Examples of the 20 dimensional vectors and of the RMSEs can be found in Supplementary Table S2 . Table 2 summarized the accuracies of the approximation algorithms. For AA, the calculated TFEs residues around boundary strands (BD) are less accurate than those of the residues in interior of half-barrel segments. When strand reindexing is applied (AAR), the accuracy is improved significantly.
As expected, the accuracy improves as the number of strands increases for both AA and AAR. The accuracy of AAR is already adequate when the number of strand is as small as 12, indicating that AAR will give accurate results for larger TMBs.
Bin size for the histogram scheme
To identify the appropriate size of the small energy intervals, or the bin size, used in the histogram scheme, we assess the accuracy of results calculated using a version of the exact algorithm where the histogram scheme is used (Algorithm S1) by comparing with results calculated with the original exact algorithm (Algorithm 1). Different bin sizes are tested. The accuracy improves as the bin size decreases (Table 3) , and is already sufficiently accurate when the bin size is set to 0.01 kcal/mol. Indeed, using the approximation algorithm with reindexing and the histogram scheme at the bin size of 0.01 kcal/ mol, the calculated TFEs of the host position 210 in OmpLA are in excellent agreement with the experimental data (Fig. 2) as the exact algorithm (Lin et al., 2016) . There is a deviation of our result of Pro from that of the experimental measurement. We note that the TFE of Pro is known to have wide discrepancy among different scales (Hessa et al., 2005; Moon and Fleming, 2011; Wimley et al., 1996) .
Comparison between the results of our method and other computational studies is shown in Supplementary Table S3 .
Efficiency of the approximation algorithms
Compared with the exact algorithm, the approximation algorithm using the histogram scheme has significantly improved computing efficiency (Table 1) . For all TMBs we tested, including the largest Note: The column BD shows the RMSEs of the TFEs of the residues on or neighboring a boundary strand, while the column non-BD shows the RMSEs of the residues in the interior of a half-barrel segment. Small RMSE values correspond to high accuracy. TMB currently known (n ¼ 26), the computation of TFEs at any host position can be completed in a realistic amount of time.
Transfer free energy profile of a large TMB
With guaranteed accuracy and efficiency of the approximation algorithm, we are able to extend the calculation of TFEs beyond small TMBs to medium and large TMBs. We calculated TFEs for residues in the TM region of lipopolysaccharide transport proteins D (LptD, PDB code: 4Q35) (Qiao et al., 2014) , which has 26 TM strands. The full set of 116 lipid facing host positions in the TM region are systematically substituted to all the 20 amino acids, and the corresponding TFEs calculated. By averaging the TFEs of the same amino acid residues in the same depth of lipid bilayer following ref (Lin et al., 2016) , we obtained the depth-dependent transfer free energy profile of this TMB (Fig. 3) . As the outer membrane is highly heterogeneous, the energy cost of transferring one residue into positions of different depth in the lipid bilayer is different, which is consistent with the profile of OmpLA previously reported (Lin et al., 2016) . Moreover, comparison of these two transfer free energy profiles suggest that they are highly correlated (R 2 ¼ 0:94) despite their differences in size, assembly state and function.
Discussion
The free energies of transferring amino acid side chains from an aqueous environment to lipid bilayers quantify the fundamental energetic contributions to the thermodynamic stability of the TM regions of transmembrane proteins. A previously reported ab initio method can successfully calculate the TFEs of the lipid-facing residues of OmpLA, a TMB with 12 strands (Lin et al., 2016) . However, the method was not applicable to large TMBs since it requires an unrealistic amount of computing time. We have developed an efficient approximation method based on the divide-andconquer strategy and a histogram scheme. The new algorithm enables us to compute TFEs of residues for all TMBs currently with known structures. In the new approximation method, we first divide the TM region of a TMB into two half-barrel segments, and enumerate conformations of each half-barrel segment. The energies of the half-barrel segments are then combined into the partition function of the whole TM region. In general, the TM region of a TMB can be divided into k number of partial-barrel segments, and conformation enumeration and partition function combination can be carried out in a way similar to that of dividing the TM region into just two halfbarrel segments. Without the histogram scheme, the time complexity of an algorithm with k partial-barrel segments will be
, where the first term comes from the conformation numeration and the energy calculation of the partialbarrel segments, and the second from combining these energies into the partition function. Since the second term dominates the time complexity, increasing k will not reduce the running time significantly while reducing the accuracy. Therefore, we chose k ¼ 2 in this study, and introduced a histogram scheme which further reduces the second term of the time cost to roughly a constant.
Our current study focuses on the TMBs located in the bacterial outer membrane. However, other TMBs, such as the VDAC protein in mitochondria and the beta-barrel toxins such as a-hemolysin and c-hemolysin can also be studied using our methods. While the bacterial outer membrane is asymmetric, as the outer leaflet consists of lipopolysaccharides, the membrane environments for VDAC and the beta-barrel toxins are symmetric. This difference can be taken into account with minor modification to the empirical energy function used in the computation as demonstrated in (Lin et al., 2016) . Another difference with VDAC is that it has an odd number of strands, resulting in the parallel N-and C-terminal strands instead of the anti-parallel N-and C-terminal strands in all the other TMBs. This can be accounted for by using the appropriate H-bond pattern for this unique strand pair.
Furthermore, our method does not require knowledge of experimentally solved or computationally predicted structures, as long as the sequences of the TM region can be determined. Several methods predicting TM segments from the sequence can be used to identify TM strands (Hayat et al., 2016; Ou et al., 2010; Tsirigos et al., 2016) . The absolute accuracy in strand prediction is not required. For example, deviations of the midplane position will have limited effects in the computed TFEs, as the correct position will be included during enumeration, and those conformations with significant deviations will have higher energy and contribute little in their Boltzmann factors. As an example, we calculated the TFEs of the position 210 of OmpLA using the TM segments predicted by BOCTOPUS2 (Hayat et al., 2016) , and the results agree well with the experimental results (R 2 ¼ 0:76).
TMBs are drawing increasing attention because of their potential applications in bionanotechnology, including protein profiling (Oukhaled et al., 2012) , DNA sequencing (Farimani et al., 2015) and small molecule detection (Campos et al., 2013) . With our new methods, we can derive the depth-dependent transfer free energy profile of each TMBs, which may help in understanding the general folding principles and membrane insertion processes of TMBs, as well as in delineating the structure-function relationship of a specific TMB. Such knowledge may also help in tailoring natural TMBs or designing artificial TMB channels with desired stability.
